Land transport is an important emission source of nitrogen oxides, carbon monoxide and volatile organic compounds, which serves as precursors for tropospheric ozone. Besides the direct negative impact of nitrogen oxides, air quality is also affected by these enhanced ozone tropospheric ozone concentrations. As ozone is radiativly active, its increase contributes to climate change. Due to the strong non-linearity of the ozone chemistry, the contribution of land transport emissions to tropospheric ozone cannot be calculated or measured directly, instead atmospheric-chemistry models equipped with specific 5 source apportionment methods (called tagging) are required. In this study we investigate the contributions of land transport emissions to ozone and ozone precursors using the MECO(n) model system, coupling a global and a regional chemistry climate model, which are equipped with a tagging diagnostic. For the first time the effects of long range transport and regional effects of regional emissions are investigated. This is only possible by applying a tagging method simultaneously and consistently on the global and regional scale. We performed two three-year simulations with different anthropogenic emission inventories 10 for Europe by applying our global model with two regional refinements, i.e. a European nest (50 km resolution) in the global model and a German nest (12 km resolution) in the European nest. We find contributions of land transport emissions to reactive nitrogen (NO y ) near ground-level in the range of 5 to 10 nmol mol −1 , corresponding to 50 to 70 % of the ground level NO y values. The largest contributions are around Paris, Southern England, Moscow, the Po Valley, and Western Germany. Carbon monoxide contributions range from 30 nmol mol −1 to more than 75 nmol mol −1 near emission hot spots such as Paris or 15 Moscow. The contribution of land transport emissions to ozone show a strong seasonal cycle which absolute contributions of 3 nmol mol −1 during winter and 5 to 10 nmol mol −1 during summer. This corresponds to relative contributions of 8 to 10 % during winter and up to 16 % during summer. Those largest values during summer are confined to the Po Valley, while the contribution in Western Europa range from 12 to 14 %. The ozone contributions are robust. Only during summer the ozone contributions are slightly influenced by the emission inventory, but these differences are smaller than the range of the seasonal 20 cycle of the contribution. This cycle is caused by a complex interplay of seasonal cycles of other emissions (e.g. biogenic)
Introduction
Mobility plays a key role in everyday life, involving transport of goods and persons. Most of the transport processes rely on vehicles with combustion engines, which emit not only CO 2 , but also many gaseous and particulate components, such as 5 nitrogen oxides (NO x ), volatile organic compounds (VOCs), carbon monoxide (CO) or black carbon.
The transport sector with the largest emissions is the land transport sector (involving road traffic, inland navigation and trains). Even tough the global emissions of many chemical species from the land transport sector have been decreased (e.g. Crippa et al., 2018) , the emissions are still very large. For Europe and North America the emissions of NO x from road traffic have been recently discussed in the public (e.g. Ehlers et al., 2016; Ntziachristos et al., 2016; Degraeuwe et al., 2017; Peitzmeier 10 et al., 2017; Tanaka et al., 2018) . NO x emissions influence the local air quality and lead to exceedances of the nitrogen dioxide (NO 2 ) thresholds in many cities. Furthermore, NO x plays an important role for the tropospheric ozone chemistry and serves, together with CO and VOCs, as precursor for the formation of tropospheric ozone (e.g. Crutzen, 1974) . Ozone is a strong oxidant and affects air quality (e.g. World Health Organization, 2003; Monks et al., 2015) . Large ozone levels impact the vegetation and decrease crop yield rates (e.g. Fowler et al., 2009; Mauzerall et al., 2001; Teixeira et al., 2011) . Furthermore, 15 ozone is radiatively active and thus contributes to global warming (e.g. Stevenson et al., 2006; Myhre et al., 2013) .
Many studies have been performed investigating the influence of land transport emissions on ozone on the global scale (e.g. Granier and Brasseur, 2003; Niemeier et al., 2006; Matthes et al., 2007; Hoor et al., 2009; Dahlmann et al., 2011; Mertens et al., 2018) , showing that land transport emissions impact ozone concentrations considerably on the global scale especially on the Northern hemisphere. As has been outlined by Mertens et al. (2018) these global studies have applied different methods, 20 rendering a comparison of the results difficult. Mostly, the so called sensitivity method (or perturbation approach) has been used, comparing results of a reference simulation with the results of a simulation in which changed emissions for the sector of interest are applied. This method calculates the impact on the concentration resulting from a change of emissions. Dahlmann et al. (2011) and Mertens et al. (2018) used a source apportionment method (by a tagged tracer approach) which calculates the contribution of land transport emissions to ozone. This contribution is the part of the concentration from a specific pollutant 25 attributed to the emissions of one specific emission source. Due to the non-linearity of the ozone chemistry the perturbation and the tagging approach give answers to different questions and therefore lead to different results (Wang et al., 2009; Emmons et al., 2012; Grewe et al., 2017; Clappier et al., 2017; Mertens et al., 2018) . In teh following we use the terms 'impact' to indicate results from a sensitivity analysis and 'contribution' to refer to results of source apportionment studies. Here, we are interested in the contribution of land transport emissions. Therefore, a source apportionment method is applied. 30 The studies discussed above investigated the effect of land transport emissions on the global scale. These results of global models, however, give only very limited information on the contribution of the land transport (or other) emissions to ozone levels on the regional scale, especially as simulated ozone concentrations depend on the model resolution (e.g. Wild and Prather, 2 https://doi.org /10.5194/acp-2019-715 Preprint. Discussion started: 13 September 2019 c Author(s) 2019. CC BY 4.0 License. 2006; Wild, 2007; Tie et al., 2010; Holmes et al., 2014; Markakis et al., 2015) . Even tough, land transport is, besides other anthropogenic emissions (e.g. Matthias et al., 2010; Tagaris et al., 2014; Aulinger et al., 2016; Yan et al., 2018) and biogenic emissions (e.g. Simpson, 1995; Solmon et al., 2004; Curci et al., 2009; Sartelet et al., 2012) , an important source of ozone precursors in Europe, only few studies have been performed investigating the influence of European land transport emissions on ozone. Reis et al. (2000) have investigated the impact of a projected change of road traffic emissions from 1990 to 2010 on 5 ground level ozone in Europe, reporting a general decrease of ozone levels due to emission reduction. Similarly, Tagaris et al. (2015) have applied the perturbation approach to quantify the impact of ten different emission scenarios on European ozone and PM2.5 levels using the CMAQ model for a specific period (July 2006) . Tagaris et al. (2015) have quantified an impact of road transport emissions on the maximum 8-hour ozone mixing ratio of 10 % and more in Central Europe. Compared to this, Valverde et al. (2016) have used a source apportionment method integrated in CMAQ (Kwok et al., 2015) to investigate the 10 contributions of the road traffic emission of Madrid and Barcelona to ozone levels on the Iberian peninsula, reporting values of 11 to 25 %. Similarly, Karamchandani et al. (2017) have applied the source apportionment technique integrated in CAMx (Dunker et al., 2002) to calculate the contribution of eleven source categories on ozone concentrations for one summer and one winter month in 2010, focusing on 16 European cities. Generally, Karamchandani et al. (2017) have reported contributions of 12 to 35 % of the road traffic sector on the ozone levels in different cities. However, in accordance with other studies 15 Karamchandani et al. (2017) showed that European ozone levels are strongly influenced by long range transport (e.g. Jonson et al., 2018; Pay et al., 2019) . So far, all previous studies applied the source apportionment method only in a regional model. In this case the source apportionment method can attribute ozone which stem from lateral or top model boundaries not to specific emission sources.
Instead these contribution are quantifies as boundary contributions, which are not attributed to emission sources (Mertens et al., 20 2019) . Accordingly, all of the previous studies have quantified only the contribution of European land transport emissions on the European ozone levels. This study is therefore dedicated to this gap of knowledge, providing a detailed assessment on the contribution of land transport emissions on ozone and ozone precursors (NO x , CO) including European and global emissions.
To include also the effects of long range transport in regional studies, a global-regional model chain is necessary, which includes a source apportionment method in the global and the regional model. Such a model is the MECO(n) model system 25 (e.g. Kerkweg and Jöckel, 2012a, b; Hofmann et al., 2012; Mertens et al., 2016) , which couples the global chemistry climate model EMAC (e.g Jöckel et al., 2010 Jöckel et al., , 2016 at runtime to the regional chemistry model COSMO-CLM/MESSy (Kerkweg and Jöckel, 2012b) . Both models are equipped with the MESSy interface (Jöckel et al., 2005 . Due to the MESSy interface the same tagging method (Grewe et al., 2017) for source apportionment is used in the global and the regional model. Compared to previous studies, this model system allows for contribution analysis from the global to the regional scale taking into account 30 the effects of long range transport (Mertens et al., 2019) . This is important as long range transport strongly influences European ozone levels.
Typically the uncertainties of such source apportionment studies are large. Typical reasons for these uncertainties are:
uncertainties of the emissions inventories;
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uncertainties in the models (e.g. chemical/physical parametrization) and differences of source apportionment methods;
year to year variability of the contributions caused by meteorological conditions or large emissions of specific sources in specific years (for example biomass burning);
inter annual variability of the contributions caused by meteorological conditions and seasonal cycles of emissions.
To account for the first three uncertainties we performed two three year long simulations with two different anthropogenic 5 emission inventories for Europe. In our analysis we focus on mean and extreme (expressed as 95th percentile) contributions for the multi-year seasonal average values during winter (December, January, February, hereafter DJF) and summer conditions (June, July, August, hereafter JJA). We focus on results for the European domain with 50 km resolution. However, as the model resolution can influence the results, we further investigate results for a smaller domain covering only Germany with 12 km resolution. The manuscript is structured as follows. First, Section 2 contains a brief description of the model system, 10 including an introduction to the applied source apportionment method as well as more details about the simulations and the applied emission inventories. Sections 3 and 4 discuss the contributions of land transport emissions to reactive nitrogen, carbon monoxide and ozone in Europe. Section 5 focuses on the contribution reactive nitrogen for Germany only based on the finer resolved simulation results. Finally, the ozone budget in Europe and the contribution of land transport emissions to the ozone budget are investigated in Section 6. 15 2 Description of the model system In this study the MECO(n) model system is applied (Kerkweg and Jöckel, 2012b; Hofmann et al., 2012; Mertens et al., 2016; Kerkweg et al., 2018) . This system couples on-line the global chemistry-climate model EMAC with the regional scale chemistry-climate model COSMO-CLM/MESSy (Kerkweg and Jöckel, 2012a) . COSMO-CLM (COSMO model in Climate Mode) is the community model of the German regional climate research community jointly further developed 20 by the CLM-Community (Rockel et al., 2008) . New boundary conditions (for dynamics, chemistry and contributions) are provided at every time step of the driving model (e.g. EMAC or COSMO-CLM/MESSy) to the finer resolved model instances (COSMO-CLM/MESSy). Accordingly, the MECO(n) model allows for a consistent zooming from the global scale into specific regions of interest.
The simulations analysed in the present study are the same simulations as described in detail by Mertens et al. (2019) . 25 Therefore, we present only the most important details of the model set-up. Table 1 lists the MESSy submodels applied in the present study. The global model EMAC is applied at a resolution of T42L31ECMWF, corresponding to a quadratic Gaussian grid of approx. 2.8 • x 2.8 • and 31 vertical hybrid pressure levels from the surface up to 10 hPa. The timestep length is set to 720 seconds. Th archive a higher resolution we apply two COSMO-CLM/MESSy nesting steps. The first refinement covers Europe with a horizontal resolution of 0.44 • and 240 seconds time step length, while the second refinement focuses on
Tagging method for source attribution
The source apportionment of ozone and ozone precursors is performed using the tagging method described in detail by Grewe et al. (2017) , which is based on an accounting system following the relevant reaction pathways and applies the generalised tagging method introduced by Grewe (2013) .
For the source apportionment the source terms, e.g. emissions, of the considered chemical species are fully decomposed in 5 N unique categories. The definition of the ten categories considered in the current study are listed in Table 3 . The tagging method is a diagnostic method, i.e. the atmospheric chemistry calculations are not influenced by the tagging method. Due to constraints with respect to the computational resources (e.g. computational time and memory) the detailed chemistry from MECCA is mapped on a family concept for which the tagging is performed. The species of the family concept are given in Table 2 . 10 All chemical production and loss rates required for the simplified chemistry, as well as the concentration of all chemical species are obtained from the submodel MECCA. Further, loss processes like deposition are treated as bulk process, meaning that the changes of the relevant concentration due to dry-and wet deposition are memoried and later applied to all tagged species according to their contributions.
Due to the full decomposition into N categories, the sum of contributions of all categories for one species equals the total 15 concentration of this species (i.e. the budget is closed):
(1)
To demonstrate the basic concept of the generalised tagging method we consider the production of O 3 by the reaction of NO with an organic peroxy radical (RO 2 ) to NO 2 and the organic oxy radical (RO):
As demonstrated by Grewe et al. (2017) (see Eq. 13 and 14 therein) the tagging method leads to the following fractional apportionment:
Here, all species marked with tag represent the quantities tagged for one specific category (e.g. land transport emissions); P R1 is the production rate of O 3 by reaction R1, the mixing ratios of the tagged family of NO y and NMHC, respectively. The
25
denominator represents the sum of the mixing ratios over all categories of the respective tagged family/species. Accordingly, the tagging scheme takes into account the specific reaction rates from the full chemistry scheme. Further, the fractional apportionment is inherent to the applied tagging method as due to the combinatorical approach, every regarded chemical reaction is decomposed into all possible combinations of reacting tagged species. As discussed by Mertens et al. (2019) the tagging method in MECO(n) is applied in all model instances (i.e. in the global model as well as all regional model instances). Thus, consistent lateral and model top boundary conditions can be provided for the regional model instances. Compared to other source apportionment methods in regional models (e.g. Li et al., 2012; Kwok et al., 2015; Valverde et al., 2016; Pay et al., 2019) our method also attributes emissions outside the domain of the regional model to specific emission sources. Source categories containing only contributions from lateral or model top boundaries are 5 not required.
In the following, we denote absolute contributions of land transport emissions to ozone as O tra 3 . Analogously, contributions to the family of NO y and CO are denoted as NO tra y and CO tra , respectively (cf. abbreviations in Table 3 ). These absolute contribution corresponds to this shade of the species total mixing ratio which can be attributed to emissions of land transport.
Similarly, we investigate relative contributions given the percentage of the contribution to the total mixing ratio of the specie. 
Emissions scenarios and numerical experiments
Two different emission inventories are used to investigate the uncertainties of these emission inventories. The first emission inventory is the global MACCity inventory (Granier et al., 2011) , which corresponds to the RCP 8.5 emission scenario for the analysed time frame (called MAC in the following). The second emission inventory is called VEU. It is a European emission inventory which has been composed in the DLR project 'Verkehrsentwicklung und Umwelt'. This emission inventory consid-15 ers only the emission sectors land transport, shipping and anthropogenic non-traffic. For this emission inventory the German land transport emissions were estimated bottom up by means of macroscopic traffic simulations. Based on the travelled kilometres from the traffic simulations the land transport emissions were estimated using emission factors. For the other European countries, as well as for all other emission sectors, a top down approach has been applied. More details about the emission inventory are given by Hendricks et al. (2017) . Further details about the preprocessing of the emissions is given in Appendix 20 A of Mertens (2017) .
Two different simulations were performed:
The MAC emission inventory is applied in EMAC and all regional refinements (e.g. CM50 and CM12);
-EVEU: The MAC emission inventory is applied in EMAC and the VEU emission inventory in the regional refinements.
The VEU emission inventory contains emissions for the sectors land transport, anthropogenic non-traffic (including landing 25 and take-off (LTO) of airplanes) and shipping. Table 4 lists the total emissions of NO x , CO,VOC, and the ratio of NO x to VOC for these emission sectors. In general, the total emissions of the land transport sector are quite similar, while the emissions of the anthropogenic non-traffic and shipping sectors are lower in the VEU compared to the MAC emission inventory. Especially the NO x and VOC emissions are lower by around 30 % and 50 %, respectively. The definition of the emission sectors in VEU is different from the definition in MAC. In the VEU emission inventory LTO emissions are part of the anthropogenic non-traffic 30 sector, but inflight emissions from aircrafts are not considered in VEU. Therefore, the MAC aviation emissions are also applied in the EVEU simulation. To avoid a double accounting of the LTO emissions, the aviation emissions in MAC are set to zero in the lowermost level in EVEU, leading to a reduction of the aviation emissions of the MAC emission inventory by 0.05 Tg a −1 (see Table 4 ). For the emission sectors agricultural waste burning (AWB), biomass burning, lightning and biogenic we apply the same emissions in both simulations (see Table. 5). Total emissions for the global model EMAC, as well as for CM12 are given in the Supplement (see Section S2). Emissions of CO are especially larger around Estonia in MAC compared to VEU. Especially over Germany, the Po Valley and party of Eastern Europe VEU features more emissions of NO x , CO and VOC (see also totals for CM12 in Table S4 ). Besides the difference between the emissions applied in CM50 (and CM12) it is important to note, that for the REF and the EVEU simulation the same emissions are applied in EMAC. Therefore, the difference (Fig. 1c ) is zero in EMAC. CO and NO y are direct pollutants of the land transport sector, with different chemical lifetimes. Please note, that the contributions to NO y and not to NO x are investigated as the source apportionment method tags the whole family of NO y (without PAN) and not NO x alone. Our focus in this section are on the results on the European scale, results of NO y for Germany will be discussed in Sect. 5. Figure 2 shows NO tra y for DJF and JJA, respectively. The largest mixing rations of NO tra y are simulated 5 near Southern England, the Paris metropolitan region, Western Germany and the Benelux states as well as the Po Valley and the Moscow metropolitan region. In these regions contributions of up to 10 nmol mol −1 are simulated. In general, larger absolute contributions occur during DJF compared to JJA, but the annual cycle of the land transport emissions is small in both emission inventories (see supplement Figure S4 ). Accordingly, the differences of NO tra y between DJF and JJA are likely not caused by seasonal differences of the emissions, but by larger mixing layer heights as well as a more effective photochemistry during JJA The simulated mixing ratios of CO tra (see Fig. 4 In difference to NO y and CO, ozone is a secondary pollutant of the land transport sector. This section quantifies the contribution to ozone in detail. Besides land transport emissions, however, many other sources contribute to ozone near ground level. Generally, the most important sources which contribute globally to ozone are downward transport from the stratosphere, anthropogenic non-traffic emissions, shipping, lightning and biogenic emissions (e.g. Lelieveld and Dentener, 2000; Grewe, 5 2004; Hoor et al., 2009; Dahlmann et al., 2011; Emmons et al., 2012; Grewe et al., 2017) . With increasing height the contribution of ground based emission sources decreases, therefore the contribution of land transport emissions of the global model, however, are identical in REF and EVEU leading to identical contributions at the boundaries of the regional domain. Hence, the contributions during DJF are mainly dominated by long range transport towards Europe which has also been reported by Karamchandani et al. (2017) . This is caused by the low ozone production and long lifetime of ozone during winter.
During summer the ozone production increases and local emissions play a larger role. Therefore, O tra 3 increases to 5 to 25 10 nmol mol −1 , implying that the relative contribution increases to 10 to 16 %. The geographical distribution of the contri- shifted downwind of Italy into the Adriatic Sea. In these regions the differences between the results of the two simulations are largest, reaching up to 2 nmol mol −1 for the absolute and 2 percentage-points for the relative contributions, respectively.
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The larger differences between the results of REF and EVEU during summer compared to winter are mainly caused by the increasing ozone production over Europe during spring and summer. Accordingly, the differences of the emissions between the emission inventories modify the regional ozone budgets more efficiently.
As already discussed the emission of the land transport sector show almost no annual cycle ( Fig S4 in the Supplement) , while the absolute and relative contribution of O tra 3 shows an annual cycle. This annual cycle is caused by a complex interplay of the annual cycles of different emission sources. The annual cycle of the relative contribution of O tra 3 is shown in Fig. 7 . The annual cycle of the absolute contribution is similar to the cycle of the relative contribution, but shows the largest peak during June where the absolute ozone levels are larges (See Fig. S9 in the Supplement). Accordingly, the contribution peaks between March and May (Fig. S3 in the Supplement). Further, the indicated standard deviation of the contribution shows that in winter, 10 spring, and autumn the year to year variability (blue shading) is the most important source of uncertainty. Here, differences in regional emission lead only to small differences (orange shading). During summer, however, the differences of the regional emissions strongly contribute to the uncertainties. 
Contribution during extreme ozone events
To design mitigation options for periods with extreme ozone values, it is important to know which emission sources contribute to and/or drive these extreme ozone values. Therefore, we investigate how land transport emissions contribute to extreme ozone events.
First, the 99th, 95th and 75th percentile of ozone concentration of the period JJA 2008 to 2010 are calculated (based on 5 3-hourly model output, see Figs. S1 and S2 in the Supplement). Second, the sectors contributing to these 99th, 95th and 75th percentile of ozone are analysed. Generally, the contributions to these extreme values have a high spatial variability. To capture these spatial variability, the contributions are analysed for the whole CM50 domain as well as for specific regional subdomains for which we use the regions defined in the PRUDENCE project (Christensen et al., 2007 , , see also Supplement Fig. S10 )
The range of contributions in the different subdomains is shown in Fig. 9 . Generally, the relative contributions of O tra The medians of the relative contribution of other anthropogenic emissions (including the emission sectors anthropogenic 25 non-traffic and aviation) range in all regions between 17 % to 25 % ( Fig. 9c and d) . Hence, the contribution of other anthropogenic emissions is larger as the contribution of land transport emissions. The increase of the contribution of other anthropogenic emissions with increasing ozone percentiles, however, is lower compared to the contribution of O tra 3 . Accordingly, the relative importance of land transport emissions increase with increasing ozone values and hence land transport emissions are an important driver of large ozone values. However, besides the land transport emissions also the relative contribution of 30 biogenic emissions to ozone increases with increasing ozone levels ( Fig. 9e and f) . Therefore, also biogenic emissions play an important role during high ozone values.
While the relative contribution to ozone of the shown emission sectors increase with increasing ozone levels, the contribution of the shipping emissions and all other emission sectors decrease with increasing ozone levels in all most all regions ( Fig. S5 
Contribution of land transport emissions to reactive nitrogen in Germany
So far the contributions have been analysed using the results of the European domain. The resolution of the VEU emission inventory, however, is much finer (roughly 7 km) and therefore the full potential of the emission inventory has not been revealed. Therefore, this section is dedicated to the results of CM12 focusing on Germany. As shown by Mertens et al. (2019) the contributions of land transport emissions to ozone in Germany change only slightly, when the model resolution is increased 5 from 50 km to 12 km. The differences caused by the resolution are lower as the differences between the REF and EVEU simulation results. Therefore, we focus on the contributions of land transport emissions to NO y where the results depend stronger on the model resolution. Figure 10 shows the absolute contribution of NO tra y for JJA 2008 as simulated by CM12. As already discussed, the differences between the two emission inventories are rather large. The 
Contribution of land transport emissions to the tropospheric ozone budget in Europe
To investigate the contribution of land transport emissions to the European ozone budget the net ozone production (P O3 ) is analysed which is defined as:
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with production (ProdO3) and loss rates (LossO3) of ozone as diagnosed by the tagging method for the different tagged categories (see Grewe et al., 2017) .
Our analysis shows (see Table 7 ) that the land transport sector is the second important anthropogenic sector contributing to P O3 in Europe. In general, the results obtained with both emission inventories are rather similar, caused by similar total emissions. Integrated up to 850 hPa values of P O3 due to land transport emissions of around 13 Tg(O 3 ) a −1 ozone are 5 simulated, while P O3 increase to around 23 Tg(O 3 ) a −1 when integrating up to 200 hPa.
The differences of the contributions of O tra 3 discussed in Sect. 4 are mainly caused by the differences of the total emissions of the anthropogenic non-traffic sector. The diagnosed net production for the anthropogenic non-traffic category differs by roughly 30 % between REF and EVEU, while the total net ozone production differs by roughly 15 %, i.e. due to the lower total emissions in the VEU emission inventory compared to the MAC inventory less ozone is produced. 10 The regions where ozone is predominantly formed by land transport emissions is displayed in Fig. 11a and Fig. 11b , showing the relative contribution of land transport emissions to P O3 . Here, the analysis is restricted to the period May to September where P O3 is largest. Additionally, Fig. 11c and Fig. 11d indicate the emission sectors which contribute most to P O3 up to 850 hPa in the respective gridbox. Consistent with previous analyses the results show that the relative contribution of land transport emissions to P O3 is in general larger in EVEU compared to REF. The contribution is lowest in the Atlantic and along 15 the main shipping routes in the Mediterranean Sea. In these regions ozone within the boundary layer is mainly formed from shipping emissions ( Fig. 11c and d) . Generally, the contribution of land transport emissions to P O3 is largest over Central show that the contribution of land transport emissions to ozone increase strongly, while the contribution of anthropogenic nontraffic emissions is only slightly changed. Therefore, land transport emissions contribute strongly to large ozone levels.
We find that the regions of the largest contributions of land transport emissions to ozone are not necessarily identical with the regions of the largest contributions to reactive nitrogen. The ozone values mainly peak in Northern Italy (around the Po 20 Valley) and Southern Germany, which is consistent with the findings of Tagaris et al. (2015) . Especially for the Po Valley ground level measurements show that this is one of the regions in Europe with the largest largest ozone levels (e.g. Martilli et al., 2002; Guerreiro et al., 2014; European Environment Agency, 2018) . In the regions of Southern England, around Paris, and the Benelux as well as Rhine-Ruhr regions, where the contribution of land transport emissions to NO y stands out, the contribution to ozone are not largest. This is caused by the complexity and non-linearity of ozone chemistry, which depends 25 not only on the amount of ozone precursors but also on the meteorological conditions (e.g. Monks et al., 2015) .
In general our findings with respect to the contributions of land transport emissions to ozone are in agreement with previous studies either using the perturbation method (Tagaris et al., 2015) or a tagging method (Valverde et al., 2016; Karamchandani et al., 2017) . In detail, however, previously reported values have been slightly larger. Tagaris et al. (2015) found impacts of up to 20 % in Northern Italy and Southern Germany, and (Valverde et al., 2016) and Karamchandani et al. (2017) report values in 30 the range of 11 to 25 % for most European cities (only for Budapest Karamchandani et al. (2017) reported even larger values of up to 35 %). Compared to these values, however, it is important to note that we investigate the effect of global land transport emissions to European ozone values, while the previous studies investigate only effects due to regional emissions and do not attribute contributions of e.g. land transport emissions in North America. Further, in all studies different emissions, different ozone metrics, simulation periods and most importantly different analysis methods are used. Previous publications have applied the CMAQ-ISM method (Valverde et al., 2016) or the CAMx OSAT method (Karamchandani et al., 2017) . These two methods apply a sensitivity approach to check, if ozone production is NO x or VOC limited. Depending on this limit ozone production is attributed only to NO x or VOC emissions. The tagging approach of Grewe et al. (2017) used in this study takes competing effects into account and always attributes ozone production to the sectors of all reaction partners (e.g. NO x and HO 2 or NO x 5 and VOC).
The comparison of the results for the two emission inventories sheds light on the uncertainties associated with such a source apportionment method. The differences of the results for the direct pollutants CO and NO y are rather large. The mean ozone contributions are much less influenced as the direct pollutants. Especially during winter and in the middle/upper troposphere the contributions are mainly dominated by long range transport (e.g. land transport emissions from the rest of the world). In 10 our study, however, we focused on effects only due to European emissions. Therefore, we did not investigate the influence of uncertainties from emissions from the rest of the world. Uncertainties of these emissions are likely to influence the contribution from long range transport.
While the mean values of ozone are only slightly influenced, the analysis of extreme values and the analysis of the emission sectors which are most important for regional ozone production differ largely between the different inventories, even tough 15 the total land transport emissions between the two emission inventories are similar. The differences are mainly caused by the differences of the anthropogenic non-traffic and the shipping emissions between the two emission inventories. Accordingly, the source attribution of land transport emissions is not only influenced by the uncertainties of the land transport emissions itself, but also by the uncertainties of all other emission sectors. As an example, Kuik et al. (2018) reported an underestimation of road traffic emissions for Berlin of up to 50 %. The impact of such large underestimations on the source attribution results 20 have to be investigated. Besides the uncertainties of the land transport and other anthropogenic emissions, especially the emissions of the biogenic sector contribute largely to ozone production in Europe. Accordingly, uncertainties in the biogenic emissions contribute to the analysis of this study. In this context especially the soil-NO x emissions play an important role as the uncertainties of these emissions are rather large (Vinken et al., 2014a) and the emissions applied in our model system are at the lower end of current emission estimates. Generally, uncertainties caused by the emissions are larger as the uncertainties, 25 which are caused by the simplifications applied in our source apportionment method, which are in the order of some percent (see also discussion by Mertens et al., 2018) . Further, our results indicate a large seasonal variability of the contribution of land transport emissions to ozone. This variability is not only caused by the meteorological conditions but also by the seasonal cycle of other emissions. Accordingly, not only the total emissions of different emission sectors but also their seasonality (and the correct representation of this seasonality) plays an important role. 30 8 Conclusions
In the present study we investigate the contributions of land transport emissions to pollutants in Europe and Germany, focusing on ozone (O 3 ), carbon monoxide (CO) and reactive nitrogen (NO y ) species by means of simulations with the MECO(n) model system. This model system couples a global chemistry-climate model on-line with a regional chemistry-climate model
To quantify the contributions of land transport emissions to these species we used a tagging method for source apportionment.
This tagging method is an accounting system, which completely decomposes the budgets of ozone and ozone precursors into contributions from different emission sources. For the first time such a method is applied consistently in the global as well as the regional models to attribute the emissions of land transport to ozone and ozone precursors. To consider the uncertainties 5 associated with the emission inventories, we performed simulations with two different emission inventories for Europe.
The contribution of land transport emissions to ground level NO y depends strongly on the applied emission inventory. In Of course also uncertainties of the emission inventories outside Europe play an important role for the uncertainties, but this role has not be investigated in the present study. During summer the differences between the two emission inventories are larger as the inter annual variability and hence uncertainties of emission inventories contribute strongly to the uncertainties 30 of the contribution analysis of land transport emissions to ozone. While the emission of the land transport sector have almost no seasonal cycle, the strong seasonal cycle of the contribution of these emissions to ozone show the strong influence of other emission sources on the ozone production from land transport emissions. Hence, uncertainties in the totals, geographical distributions and the seasonal cycle of other emissions strongly influence the contribution analysis of land transport emissions.
Especially during summer one key role are the biogenic emissions. The impact of uncertainties of these emissions need to be studies in more detail.
The contributions of land transport emissions to extreme (99th percentile) ozone values is largest in the Po Valley, reaching up to roughly 25 %. In other regions of Europe the contributions of land transport emissions to extreme ozone events are lower and strongly depend on the region and the emission inventory. Important is, however, that the contribution of land transport 5 emissions to ozone increase with increasing ozone levels. This indicates that land transport emissions play an important role for high ozone events. Generally, the land transport emissions contribute to the ozone production up to 850 hPa to 20 and 40 % in most European regions. However, only in very few regions land transport emissions are the most important contributions o the ozone production. In most region anthropogenic non-traffic and biogenic emissions are more important. Our analysis shows that especially the biogenic emissions are also important during high ozone events as the contribution of biogenic 10 emissions increase with increasing ozone levels similar to the contribution of land transport emissions. The contributions of anthropogenic non-traffic emissions show almost no increase. However, the large differences obtained for the two emission inventories indicate a large uncertainty range of such analysis.
As a next step the performed analysis will be refined using a source apportionment, which differentiate between contributions of European land transport emissions and land transport emissions from the rest of the world. Such an analysis will help to 15 quantify the importance of European and global land transport emissions, to ozone levels in Europe. Further, more reliable emission estimates are important for follow up studies. Here, the focus should not only be on the land transport emissions, but also on other important emissions, including especially biogenic and soil-NO x emissions, which have large uncertainties and contribute strongly to European ozone levels. To better constrain the uncertainties of the contribution analysis follow up studies are planned in which we will combine observational data of specific aircraft measurement campaigns together with 20 model results including the analysed contributions.
Code and data availability. Table 2 . Definition of the chemical families used in the tagging method which diagnoses the source attribution. More details on the species contained in the families are given in the Supplement of Grewe et al. (2017) .
Tagged species Description

O3
Ozone as family of odd oxygen PAN PAN
CO CO
NOy all chemically active nitrogen compounds without PAN in the chemical mechanisms (15) NMHC all NMHCs in the chemical mechanisms (42) OH OH tagged in a steady state approach (see Rieger et al., 2018) HO2 HO2 tagged in a steady state approach 39 https://doi.org /10.5194/acp-2019-715 Preprint. Discussion started: 13 September 2019 c Author(s) 2019. CC BY 4.0 License. Table 3 . Description of the different tagging categories applied in this study following Grewe et al. (2017) . Please note that some tagging categories summarise different emission sectors (see description). The last row shows the nomenclature of the tagged tracers exemplary for ozone. 
